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This paper presents the results of numeri- 
cal models for predicting photon induced 
secondary electron emission. These results 
are compared with recent experimental meas- 
urements made at UCLA using a Co-60 gamma 
ray source. 


INTRODUCTION 

An important consideration in the design 
of efficient spacecraft and missile radia- 
tion shielding is photon induced secondary 
electron emission. The secondary electrons 
may result in charge separation, thereby 
producing undesirable current flows and 
electromagnetic fields internal to the sys- 
tem. Basic to the prediction of such ef- 
fects is a requirement to perform analyses 
for photon transport, electron production, 
and subsequent electron transport in arbi- 
trary materials and geometries. 

Electron emission from solids can be 
caused by high temperature, strong electric 
fields, and bombardment with photons and 
particles. Electrons emitted by primary 
electron bombardment are referred to as 
secondary electrons, and were discovered in 
1902 by Austin and Starke (1) during a study 
of the reflection of electrons from metal. 
Austin and Starke observed that under cer- 
tain circumstances more electrons were 
emitted than were incident on the material, 
indicating that the bombarding primary 
electrons ejected other electrons from the 
solid. Today the term ’’secondary electron 
emission” is used in a broader sense to 
indicate the phenomena of electron emission 
from solids subjected to bombardment from 
any type of particle or radiation. For 
the purpose of our study, the terms ’’sec- 
ondary electron”, and ’’secondary electron 
emission” are used with this broader mean- 
ing. 

One phase of our study was a numerical 
investigation of the emission of secondary 
electrons from metals when the secondary 
electrons are produced by high-energy pho- 
tons. A complete description of the sec- 
ondary electron emission from the surface 
of a solid material is obtained when the 
number of electrons at a point in space as 
a function of energy is known. The func- 
tion to be predicted is called the second- 
ary electron current density and is denoted 
by j § (E,Q). The magnitude of the current 
density depends only on the states of in- 
teracting systems, i.e., on the properties 
of the primary beam and on the physical and 
chemical properties of the emitter, includ- 
ing chemical composition, crystal structure, 
surface conditions, and temperature. If 
j s (E,ft) is integrated over all energies and 
over all angles of the hemisphere surround- 


ing an emitting planar surface, the total 
yield of secondary electrons is obtained. 
Much of the experimental work and theoreti- 
cal work that has been performed in the 
past has been concerned with low-energy 
electrons (100 eV) as a source radiation. 
Recently, research has been directed at 
predicting secondary electron emission from 
solid materials using gamma ray sources 
emitting photons in the MeV energy range. 

The purpose of our research is to im- 
prove the ability to predict the angular 
energy distributions of secondary electrons 
emitted from various types and thicknesses 
of materials exposed to photon radiation, 
and to develop and verify simplified cal- 
culational models for describing the phe- 
nomenon of secondary electron emission. 
These models provide a means of obtaining 
estimates of secondary electron emission 
produced by incident photons. The models 
were programmed on a digital computer to 
provide results for comparing with more 
sophisticated Monte Carlo programs and ex- 
perimental results. 

The computational models include one 
first proposed by Sawyer and Van Lint (2) and 
later refined by Spencer. ( 3 ) The Monte 
Carlo calculations were performed using the 
two-dimensional time dependent combined 
photon and electron code, TEMPER.C 4 ) 

We have performed experiments to measure 
the energy and angular distributions of 
secondary electrons emanating from several 
target materials . ( 3 > 5 ) Eight materials 

(l3 A1 > 22 T i, 29 Cu » 42 m °> 48 c <*, 73 ?a, 82 p b 
and 92 U) ranging in thickness from 0.003” 
to 0.5” were used. The photon source used 
for the experiment was a 3 Ci Co^O source 
with photopeaks at 1.17 and 1.33 MeV. 
Pulse-height spectra (256 energy groups) of 
the emitted electrons were measured at 0 , 

10, 15, 20, 25, 30, 40, 50, and 60° to the 
beam forward direction for the gamma beam 
normal to the target. 

A detection technique, proposed by Lon- 
ergan and Costello( 6 ) , which uses a trans- 
mission mounted Si semiconductor detector 
placed in front of a Pilot-B scintillator, 
was employed to discriminate against scat- 
tered incident photons. Since the semicon- 
ductor detector is only 131 microns thick, 
its efficiency for detecting scattered 
source photons is extremely low. By opera- 
ting the two detectors in coincidence, the 
electron counts can be distinguished from 
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the photon counts in the scintillator. The 
thin semiconductor detector absorbs all 
electrons with energies less than about 
160 keV, therefore only the high energy 
secondary electrons were measured for their 
energy and angular distributions. A com- 
plete description of the experimental meas- 
urements is given in References 3 and 5. 

GENERAL SECONDARY ELECTRON EMISSION MODEL 

The process of secondary electron emis- 
sion consists of both the generation of the 
electrons and the transport, attenuation 
and eventual emission of the generated 
electrons. The concepts and details of 
electron transport in material have been 
considered using both analytical approxima- 
tions and Monte Carlo numerical analysis. 
The majority of the electron transport 
theory that has been presented is based on 
the Boltzmann transport equation. The pur- 
pose of this paper is not to consider the 
Boltzmann equation for electrons, but 
rather to consider a simplified theory on 
which a numerical model of secondary elec- 
tron emission could be based. The general 
secondary electron emission model described 
here is based on the model proposed by 
Sawyer and Van Lint.t 2 ) 

Figure 1 illustrates the geometry as- 
sumed in considering the general features 
of the secondary electron emission model. 
Consider a photon which is incident perpen- 
dicular to the surface of a slab target of 
thickness t. At a distance x before 
emerging from the target, the photon pro- 
duces a secondary electron of kinetic en- 
ergy Ti moving at an angle $i to the 
direction of the incident photon. The sec- 
ondary electron loses energy and scatters 
in traveling through the remainder of the 
target, eventually emerging with kinetic 
energy Tf at an angle <f>f with the nor- 
mal to the slab target. The purpose of the 
theory is to obtain an expression for the 
angular and energy distributions N(Tf,<|>f) 
of the emergent secondary electrons as a 
function of the target characteristics 
(atomic number and thickness) and the inci- 
dent photon spectrum $ 0 (hv). 



The total number of secondary electrons 
N t generated within a thickness dx of the 
target, at a depth t-x, from photons of 
energy hv is given by the product of the 
photon intensity at t-x, the electron pro- 
duction cross section, and the thickness dx. 


N t « [photon intensity]x[electron pro- qn 
duction per photon per dx]x[dx] 1 } 

The number of secondary electrons of 
initial kinetic energy T i within dT^ 
in solid angle d SI' about initial angle 
is obtained by using the appropriate 
differential angular and energy electron 
production cross section. 

N hv(Ti ,4>i)dTi * 

[*(hv,t-x)] a (hv-*- Ti,<K)dTi]dx (2) 


where : 


$(hv,t-x) * photon intensity at t-x 
with energy hv, photons 


Z * 



A * 

^oChv+Ti^iJdTi = 


dft' » sin<(>id<f>idi|j = 
♦ * 
dx * 


atomic number of target 
material , electron$&tom 
pN a 

atomic density of 
target material, 
atoms/cm3 

material density, g/cm^ 
Avogadro ! s number - 
0.6024 x 1024 atoms/ 
g-atom 

material atomic weight, 
g/g-atom 

the cross section per 
target electron for 
production of secondary 
electrons of energy T^ 
within dT^, per unit 
solid angle near <\>\, 
cm z /electron-steradian 
differential solid 
angle about <f> i , stera- 
dians 

azimuthal angle of the 
generated secondary 
electrons 

material differential 
thickness, cm. 


The energy spectrum of secondary elec- 
trons generated within a thin layer of 
thickness dx by a photon spectrum at the 
distance t-x into the target, $(hv,x), is 
obtained by integrating Nhy(Ti,$i) over the 
range of energy of the incident photon 
spectrum. 


N (Ti^OdTi « 

f'“ f *('"'.*> ZN , °(h»-Tt,*i). ( 3) 
l 1 * sin^difjdhvd^dx dT i 

Jo Jo 

For a non-polarized incident photon spec- 
trum, the secondary electron production is 
cylindrically symmetrical and integration 
over the azimuthal angle yields the follow- 
ing expression for the initial energy spec- 
trum of the secondary .electrons (2) 
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N (Ti,*i) dTi = 


ZN 


v 


T - 



$ (hv ,x)a (hv**T^ ,<f>i) • 

• sin<J>idhvd<j>i dx dT^ 


(4) 


The transmission of a generated second- 
ary electron to the back surface of the 
target can be described by a general proba- 
bility function pe( T i>H; x *> Tf,<j>f), which 
represents the probability per unit emer- 
ging energy Tf and solid angle D of escape 
with energy near Tf, and angle near <(>f for 
a secondary electron generated at a dis- 
tance x below the surface with energy Tj 
and at angle <j>f. Including this probabil- 
ity function and indicating the integra- 
tions over the target thickness (t) , energy 
of formation (Tf) and angle of formation 
(<(>,), the angular-energy distribution of 
emitted secondary electrons is l 2 ) 


N(Tf,* f )dTfdft = 


ZN v J hv maxJ t J T i max< hv > J* 


$ (hv ,x) 


• aChv+T^ ^fJpgCTf^fjxjTf^f) • 

• sin(J> i d4> i dT i dx dhv dTfdft 


(5) 


The photon intensity at each depth in 
the target and at each energy is related 
to the incident photon intensity by an ex- 
ponential attenuation factor. An energy- 
dependent absorption coefficient y 0 (hv) is 
determined by the combined total cross sec- 
tions for Compton scattering, photoelectric 
effect, and pair production interactions. 
The intensity of the energy-dependent un- 
collided photons at a depth t-x within the 
target is thus given by 


♦ (hv , t-x) = $ 0 (hv)e" u °*“ hv ^ (6) 

where the contribution of multiple Compton 
scattering has been neglected. 

Numerically, the energy-dependent photon 
attenuation and resulting photon intensity 
at a given target depth is calculated by 
means of a computer program called XRAY. (?) 
This code divides the incident photon spec- 
trum into energy groups (up to 100) and ob- 
tains the energy dependent absorption cross 
section by means of table look-up. The to- 
tal attenuation coefficients p 0 and energy 
absorption coefficients u a (for photon ener- 
gies between 0.1 keV and 10 MeV) are con- 
tained on magnetic tape for about 50 of the 
most common elements. XRAY has the capa- 
bility of handling multi-element, multi- 
region shields and can calculate the uncol- 
lided photon intensity, transmission factor, 
energy deposition, and absorbed dose in 
standard materials (e.g. rads Si) as a 
function of material depth for an arbitrary 
input photon spectrum. 


If the assumption is made that the sta- 
tistical fluctuation in the range of sec- 
ondary electrons of the same initial energy 
is a Gaussian distribution about the mean 
range R, the probability of escape 
Pe( T i , + i ;x;Tf ,<t>f)can be shown to be ( 2 ) 

Pe = |[l-erf ( ^cos^Rgll )] 6 (4> i ~4 l f) < 5 (T f -T) 

(7) 

where a is the range -straggling parameter 
and is related to the standard deviation of 
the range-straggling Gaussian distribution 
by a - vT d. The Dirac delta functions 
<5(4>i-<f>f) and 6 (Tf-T) connote, respectively, 
the assumptions that the final angle of 
emission $f is the same as the initial gen- 
eration angle <f>f and the final energy Tf is 
equal to an average electron energy T. T 
corresponds to the average range remaining 
to the electrons beyond the distance to the 
surface x/cos<t>f for those electrons which 
penetrate. The first assumption presumes 
that multiple scattering of the secondary 
electrons does not, on the average, have a 
net effect on the direction of the gener- 
ated electrons. The average energy of the 
emitted electrons T (all starting at the 

same energy Tf) is given by( 2 ) 

T /1.265-tl. 6-0. 3816 £n(AR P /0.Z73)] 1 / 2 1 

i - expl 0 . 1$08 } 

( 8 ) 

for electrons with energies from 10 keV to 
3 MeV. The AR e in the expression for T is 
the increment of range from the emitting 
surface (x/cosc^) to the range R e associa- 
ted with the average energy of escape T. 

INVESTIGATION OF TWO SIMPLIFIED MODELS 

Two simplified models were investigated 
in an attempt to obtain numerical results 
to compare with the results of experiments. 
The first model investigated is the model 
we call the "Average Angle and Energy ModeT* 
(AA model) or the "van Lint Model" since it 
is used essentially unmodified as proposed 
by Sawyer and van Lint. ( 2 ) The second mo- 
del is a refinement of the AA model and 
gives a more realistic simulation of the 
secondary electron generation and emission 
phenomenon. We call this model the "Angle- 
Bin Model" (AB model). Both of these mo- 
dels are based on the previous equations, 
but differ in the details of the calcula- 
tions . 


Average Angle and Energy Model 

The main feature of the AA model can 
best be described by referring to Figure 1. 
In this figure, the angle between the elec- 
tron^ initial direction and the normally 
incident photon is labeled <|>f. In the AA 
model, <j>f is taken to be the average angle, 
<H, of all the electrons produced by the 
photons (in a particular energy group) for 
the Compton scattering interaction. The 
are obtained )>y first calculating the aver- 
age energy of the recoil Compton electron 
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(i.e., the secondary electron). The rela- 
tion for the average energy recoil Compton 
electron for the photons of energy group i 
is given by 




e g a gVi 

e a ^oh 


(9) 


where : 

T, * the average initial energy of 
the recoil Compton electron 
for photons of energy Kv 0 (in 
group i). 

c (hv o )^ 3 the average Compton absorp-, 
e a 01 tion cross section for pho- 
tons of energy Kv 0 (in group 

i) . 

e a ^\>^i ■ the average Compton collision 
cross section for photons of 
energy Kv 0 (in group i) . 


Once the average secondary electron energy 
T\ is evaluated, the average direction co- 
sine of the secondary electron in terms of 
the average photon energy of group i can be 
obtained: 

cos cos 

* the cosine of the average 
initial angle of the Comp- 
ton recoil electron 
■ the average cosine of the 
initial angle of the Comp- 
ton recoil electron 

- a^ 0 )i/n> 0 c 2 


where : cos <|k 

cos <f> i 


4 


T i 

r 


Vi + 2 o i^O ) i 


( 10 ) 


The actual distance the electron must 
travel to escape, R, (assuming that the 
average direction of the electron does not 
change during its transport) is given by 

R - <t» ± (11) 


where: X n is the distance from the center- 

line of the appropriate AR to 
the escaping surface (shortest 
distance) . 

Numerically, this process is repeated 
for all of the photon energy groups and for 
all X n or AR's comprising the target, so 
that the number of secondary electrons at 
each angle and the energies of the escaping 
electrons can be accumulated for small 
ranges of angle and energy, called "bins." 
The resulting accumulated secondary elec- 
tron energy and angular distributions are 
then printed to give the final results. 


Angle-Bin Model 

The AB model also uses the same basic 
equations given previously. However, in- 
stead of using the average electron angle 
4>i to represent the initial direction of 
the generated electrons, all possible 
angles in the forward direction are repre- 
sented by dividing the quadrant into equal 
angle bins. The cross sections are then 
calculated for each angle bin. 


For the Compton scattering interaction, 
the cross section for scattering an elec- 
tron into each angle bin is obtained by 
integrating the differential scattering 
cross section over the range of angles for 
the particular angle bin. The average en- 
ergy of the electron scattered into an 
angle bin is calculated usin£ the simple 
average angle of the bin as <j> , i.e., $ * 

(<f>l + Numerically, the AB model is 

implemented by using Gaussian quadrature 
sets for the required integrations. 

The results of the numerical calcula- 
tions from the subroutine that calculates 
the cross sections for Compton scattering 
were compared with the results as calcu- 
lated by Nelms. ( 8 ) The curves presented in 
the report by Nelms were graphically inte- 
grated to verify the numerical integrations 
of the Compton cross sections. 

The final results of the AB model are 
obtained by computing the Compton scatter- 
ing contribution to the secondary electron 
emission. Once the secondary electrons 
have been generated for a particular angle 
bin, the subsequent transmission, attenua- 
tion and emission is numerically performed 
in the same manner as the secondary elec- 
trons in the average angle (AA) model, ex- 
cept that a separate calculation is re- 
quired for each angle bin. 

Numerical Results 

Numerical calculations were performed 
using the AA and AB models for a typical 
target configuration and using the gamma 
ray energy spectrum measured for the exper- 
imental source (see Figure 2). The AA and 
AB models were incorporated into the exist- 
ing XRAY t ?) program as subroutines. The 
XRAY program calculated the attenuated pho- 
ton spectrum within the target material and 
then the AA and AB model subroutines were 
used to calculate the generation of high 
energy secondary electrons (initial angular 
and energy distributions) and the subse- 
quent transmission, attenuation, and emis- 
sion of the secondary electrons. 


FIGURE 2. INCIDENT PHOTON ENERGY SPECTRUM 
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The results of the calculations for a 
140 mil (0.355 cm or 3,18 g/cm 2 ) thick cop- 
per target (density a 8.96 g/cm*) are shown 
in Figures 3 through 8. Figure 3 is the 
angular distribution of the emitted second- 
ary electrons as calculated by the AA model. 
This figure shows the angular distribution 
for electrons of all energies. The range 
of angles represented is small (28° to 47°) 
because the average angle was selected for 
each photon energy group. For the AA mo- 
del, it is not surprising that this com- 
paratively small range of angles repre- 
sented the angular distribution of the 
emitted secondary electrons. 



Figure 5 contains the angular energy 
distributions for the emitted secondary 
electrons as calculated by the AB model for 
constant angles of 10°, 20°, 30°, 40° and 
50°. The striking feature of these curves 
is that the general shape of the incident 
photon energy spectrum is clearly evident 
for each particular emission angle. The 
shift to lower energy secondary electrons 
with increasing emission angle is also 
clearly seen. This shift is a result of 
the Compton scattering event since the clo- 
ser the secondary electron is to 90° to the 
incident photon, the less energy is im- 
parted to the electron. The angular dis- 
tributions for both the Compton scattering 
and photoelectric effect cross sections 
were obtained for the AB model. However, 
the number of secondary electrons emitted 
as a result of the photoelectric effect was 
negligible compared to the number of Comp- 
ton scattering electrons and thus only the 
Compton scattering electrons have been 



Figure 4 is the energy distribution of 
the emitted secondary electrons that was 
calculated by the AA model. This distribu- 
tion represents the energy distribution for 
all secondary electrons emitted from the 
back surface (i.e., photon beam forward di- 
rection) of the copper target. It is ex- 
pected that secondary electrons would have 
low energies since the attenuation of elec- 
trons produced relatively deep in the tar- 
get is calculated by using range-energy re- 
lations. In addition, since the AA model 
considers only the Compton scattering event, 
and considers average angles (and the re- 
sulting average energy at that angle), en- 
ergies greater than approximately 0.8 MeV 
are not represented in the energy distribu- 
tion. 



ELECTRON ENERGY, MEV 


FIGURE 5. AB MODEL ANGULAR ENERGY DISTRIBUTION 
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plotted. This is not surprising since the 
photoelectric effect cross section is neg- 
ligible compared to the Compton scattering 
cross section for the predominate range of 
photon energies represented by the incident 
gamma ray spectrum (most are around the 1.1 
to 1.4 MeV range as shown in Figure 2.) 

Figure 6 is a cross -plot of Figure 5 and 
reveals the erratic behavior of the de- 
tailed angular energy distributions for the 
emitted secondary electrons as calculated 
via the AB model. Figures 7 and 8 are the 
energy and angular distributions as calcu- 
lated using the AB model for the secondary 
electrons emitted from the copper target. 
These distributions were obtained by inte- 
grating the angular energy distributions 
and the energy angular distributions of 
Figures 5 ana 6, respectively. The simi- 
larity in shape of the AA model and AB mo- 
del energy distributions (Figures 4 and 7) 
is clearly seen. The major difference is 
that the secondary electrons calculated by 
the AB model cover a wider range of energy. 
This is expected since the AA model consi- 
ders only the "average" secondary electron 
energy for any given photon energy group, 
whereas the AB model accounts for the en- 
tire range of energies of the generated 
secondary electrons by employing angle and 
energy bins. 

Based on the numerical results presented 
here, the AB model is concluded to be a 
more realistic method of calculating sec- 
ondary electron emission. The AB model can 
readily indicate the detailed angular en- 
ergy distributions and the energy angular 
distributions, as well as the angular and 
energy distributions of the emitted second- 
ary electrons. 



FIGURE 6. AB MODEL ENERGY ANGULAR DISTRIBUTIONS 



ELECTRON ENERGY, MEV 

FIGURE 7. AB MODEL TOTAL ENERGY DISTRIBUTION 
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COMPARISON OF EXPERIMENTAL 
AND NUMERICAL RESULTS 

The total angular and total energy sec- 
ondary electron distributions are well 
suited for comparing numerical and experi- 
mental results. These distributions have 
many of the detailed anomalies integrated 
out for both the numerical and experimental 
results . 

Figure 9 shows the AB model numerical 
results for the secondary electron total 
energy distribution of a 3.2 g/cm 2 thick 
copper target. Superimposed on this graph 
are the reduced experimental data for the 
same thickness copper target. The experi- 
mental data have been normalized to the nu- 
merical results at the 1.0 MeV energy 
point. There is generally fair agreement 
in the results from 0.4 MeV to 1.2 MeV. The 
experimental data do not possess the de- 
tailed variations that the numerical re- 
sults indicate. The major reason for this 
relative smoothness of the experimental 
data compared to the numerical results is 
the poor resolution of the scintillation 
crystal detector. The calibration tests of 
the scintillation detector using a standard 
conversion electron emitter source (Cs 137 
with a 0.624 MeV conversion electron) 
showed that the resolution of the detector 
was approximately 20% (i.e., full width at 
half maximum) , or about twice what is con- 
sidered average resolution. 



ELECTRON ENERGY, MEV 

FIGURE 9. ENERGY SPECTRA OF THE AB MODEL AND EXPERIMENTAL RESULTS. 


The secondary electron total angular 
distribution as calculated by the AB model 
was presented in Figure 8 for the 3.2 g/cm2 
thick copper target. This graph is shown 
in Figure 10 along with the reduced data 
for the same thickness target. The experi- 
mental data are normalized to the numerical 
results at the 20 degree point. The AB mo- 
del results and the experimental data do 
not agree well for angles less than 10°. 

The primary reason for this is that the AB 
model does not account for the change in 
the initial angular distribution of the 
photon generated secondary electrons as 
they are scattered through the remainder of 
the target material. In reality, the gen- 
erated electrons are highly scattered be- 
fore they are emitted and, thus, the exper- 
imentally measured emitted electron angular 
distribution tends to be more uniform than 
the calculated distribution. Another rea- 
son for the difference at the low angles 
(<10 ) is that the experimental data were 
subject to a high background. 


I 


Comparisons with more detailed results 
than those obtained using the simplified AB 
model may indicate areas where improvements 
in the simplified model can be made. Sev- 
eral computer runs were made using the TEM- 
PER v.4) code. The TEMPER computer program 
was developed to solve radiation transport 
problems with a specified electron or pho- 
ton source and to include any secondary ra- 
diations in the solution. (4) The program 
is well suited for the investigation of 
secondary electron emission since it calcu- 
lates the actual energy deposition in thin 
samples where the secondary electrons es- 
cape from the sample. Among the more im- 
portant features of the computer program 
are : The Monte Carlo method is used for 

the transport of photons and electrons; ra- 
diation sources are arbitrary functions of 
energy, time, space and angle; the material 
distributions are generalized three-dimen- 
sional volumes; and detailed angular and 
energy distributions are computed for vol- 
ume, surface and point detectors . (*J 
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The TEMPER program was run for the 
3.2 g/cm 2 thick copper target using two 
equal intensity monoenergetic photon 
sources at 1.17 MeV and 1.33 MeV. Figure 
11 is the plot of the TEMPER numerical re- 
sults for the total energy distribution of 
the emitted secondary electrons at the back 
surface of the target material. This en- 
ergy distribution does not compare well 
with the AB model numerical results shown 
in Figure 9. One possible explanation for 
this discrepancy may be the fact that the 
TEMPER calculations did not have any low 
energy photons incident on the target and, 
thus, the energy distribution tended to 
peak at a higher energy (^.7 MeV). The 
lower energy photons would tend to produce 
more photoelectrons with energies close to 
the incident photon energy. 


COPPER TARGET 
3.2 g/cm 2 
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ELECTRON ENERGY, NEV 

FIGURE 11. ENERGY SPECTRA OF TEW>ER CODE AND EXPERIMENTAL RESULTS. 


Fair agreement is found for the second- 
ary electron total angular distributions as 
calculated by TEMPER and as obtained from 
the reduced experimental results. Figure 
12 presents the TEMPER results and experi- 
mental results for the 3.2 g/cm 2 thick cop- 
per target with the experimental results 
normalized to the TEMPER results at 20 de- 
grees. A slight decrease in the number of 
secondary electrons for angles less than 
about 15° is indicated from the TEMPER re- 
sults. The reduced experimental results 
show that a relatively constant number of 
secondary electrons are emitted between 10° 
to 20° with a decrease below 10°. 



FIGURE 12. ANGULAR DISTRIBUTIONS FOR THE TEMPER CODE 
AND EXPERIMENTAL RESULTS. 


In summary, the comparison of the re- 
duced experimental results with the results 
obtained using the simplified AB model and 
a refined Monte Carlo code (TEMPER) indi- 
cated the following: 1) The AB model rea- 

sonably predicts the shape of the secondary 
electron total energy distribution for 
electrons with energies greater than 0.4 
MeV, but this model is unsatisfactory in 
evaluating the shape of the angular distri- 
bution for angles less than 15 s . 2) The 

TEMPER results indicate the general trend 
of the total angular distribution, but 
these numerical results do not compare well 
for the energy distribution of emitted sec- 
ondary electrons. 

CONCLUSIONS 

An evaluation has been made of a few 
analytical models used for predicting the 
details of photon induced secondary elec- 
tron emission. The results from both sim- 
plified and more sophisticated (Monte Car- 
lo) methods have been compared with recent 
experimental measurements using a Co-60 
gamma source and a unique detection tech- 
nique for measuring the energy and angular 
distributions of secondary electrons. The 
results of the evaluation indicated that 
the two simplified models are useful only 
for idealized situations. These models did 
not adequately account for the detailed and 
complex transport of the generated second- 
ary electrons within the target materials. 
The multiple and large angle catastrophic 
collisions that electrons can experience in 
traversing media must be accounted for to 
accurately predict the angular and energy 
distributions of the emitted secondary 
electrons. Therefore, more refined calcu- 
lational procedures (e.g,, discrete ordin- 
ate S^, Monte Carlo or other analytical 
techniques) for dealing with the details of 
electron transport appear warranted. 
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